Abstract Identification of neural stem and progenitor cells (NPCs) in vitro and in vivo is essential to the use of developmental and disease models of neurogenesis. The dog is a valuable large animal model for multiple neurodegenerative diseases and is more closely matched to humans than rodents with respect to brain organization and complexity. It is therefore important to determine whether immunohistochemical markers associated with NPCs in humans and rodents are also appropriate for the dog. The NPC markers CD15, CD133, nestin, GFAP and phosphacan (DSD-1) were evaluated in situ in the canine rostral telencephalon, hippocampal dentate gyrus, and cerebellum at different postnatal time-points. Positive staining results were interpreted in the context of region and cellular morphology. Our results showed that neurospheres and cells within the rostral subventricular zone (SVZ), dentate gyrus subgranular zone (SGZ), and white matter tracts of the cerebellum were immunopositive for CD15, nestin and GFAP. Neurospheres and the cerebellum were immunonegative for CD133, whereas CD133 staining was present in the postnatal rostral SVZ. Anti-phosphacan antibody staining delineated the neurogenic niches of the rostral lateral ventricle SVZ and the hippocampal SGZ. Positive staining for phosphacan was also noted in white matter tracts of the cerebellum and within the Purkinje layer. Our results showed that in the dog these markers were associated with regions shown to be neurogenic in rodents and primates.
Introduction
Much of the impetus to isolate and characterize neural stem and progenitor cells from different species arises from the existence of animal disease models that can be studied to assess therapeutic modalities and mechanisms of disease. The dog, in particular, is a valuable model for human neurologic diseases because, in contrast to rodents, the canine brain is more similar in physical organization to the human brain. There are many welldefined neurological diseases in dogs, including genetic diseases, which are excellent analogs of human diseases (Alroy et al. 1985; Fischer et al. 1998; Griffiths et al. 1981; Haskins et al. 1984; Hemsley and Hopwood 2010; Koppang 1988; Wenger et al. 1999 ). This study was designed to assess the usefulness of neural stem/progenitor cell markers in the dog and to characterize the distribution of NPCs in the three major postnatal neurogenic regions, the rostral subventricular zone (SVZ), hippocampus and cerebellum.
True NSCs are multipotent and capable of self-renewal, whereas neural progenitor cells have more restricted potential. Because postnatal neurogenic regions contain both stem and progenitor cells, in this study the term 'neural precursor cell' (NPC) will be used to include both neural stem and progenitor cell populations unless a population is known to conform to the definition of a neural stem cell (NSC). Sources of postnatal multipotent NSCs include regions of the brain where postnatal neurogenesis occurs: the dentate gyrus of the hippocampus, the olfactory bulb, and the SVZ, especially the SVZ of the frontal horn lateral ventricles (Gritti et al. 2002; Liu and Martin 2003; Pagano et al. 2000; Palmer et al. 1997; Reynolds and Weiss 1992; Seri et al. 2004; Snyder et al. 1992) . Postnatal neurogenesis is also seen in the cerebellum. However, depending upon species and location, postnatal cerebellar neurogenesis is limited to weeks to a year .
Non-neurogenic regions of the postnatal brain containing glial NPCs have yielded multipotent NPCs when cultured in the presence of EGF and/or bFGF (Alcock and Sottile 2009; Kondo and Raff 2000; Nunes et al. 2003; Palmer et al. 1995) . This suggests that the environment in which they reside determines the potency of NPCs. Thus, the composition of the NPC niche may endow at least one stem cell quality (multipotency) on what are normally progenitor cells. Although in one study, postnatal NG2 proteoglycan progenitors showed an immediate multipotency, i.e., one that is not dependent upon long-term growth factor exposure, which argues for an intrinsic ability rather than reprogramming in vitro (Belachew et al. 2003) .
NPCs have been retrospectively identified in vitro by proliferation in response to growth factors (Kondo and Raff 2000; Nunes et al. 2003; Palmer et al. 1995 Palmer et al. , 1997 Reynolds and Weiss 1992; Roy et al. 2000) . In vivo, markers of proliferation such as tritiated thymidine and bromodeoxyuridine have been used to identify progenitor cells (Altman 1962; Altman and Das 1965; Eriksson et al. 1998; Lois and Alvarez-Buylla 1994; Morshead et al. 1994 ). However, proliferative markers alone do not definitively identify NPCs because they incorporate into the DNA and are present in progeny as well as parent cells. Intracellular filament proteins such as nestin and glial fibrillary acidic protein (GFAP) have proven useful in identifying NPCs, although location is an essential context (Doetsch et al. 1999; Hockfield and McKay 1985; Lendahl et al. 1990; Seri et al. 2001) . The subsequent use of nestin and GFAP promoters for targeted ablation or reporter gene expression has greatly aided in the identification and localization of NPCs in situ Imura et al. 2003; Morshead et al. 2003; Roy et al. 2000; Sawamoto et al. 2001) . Cell surface markers for human and rodent NPC selection include Lewis X antigen (CD15), CD133/ prominin and phosphacan [the chondroitin sulfate proteoglycan (PG), DSD-1-PG] (Campos et al. 2004; Capela and Temple 2002; Johansson et al. 1999; Klassen et al. 2001; Lee et al. 2005; Uchida et al. 2000; von Holst et al. 2006) . Although none of these proteins alone is a definitive NSC marker, labeling for combinations of markers in conjunction with cellular morphology and location may serve to accurately identify true NSCs.
Materials and methods

Experimental animals
Mixed breed dogs were raised in the animal colony at the University of Pennsylvania School of Veterinary Medicine according to NIH and USDA guidelines for the use of animals in research and procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Neural progenitor cell culture and expansion
Mixed breed dogs 19 days of age (n = 3) were humanely euthanized by intravenous injection of a barbiturate solution. The brain was removed, placed into a balanced salt solution, and then dissected grossly. The cerebellum and rostral one-third of the brain located just caudal to the olfactory bulbs and rostral to the hippocampus were separated from the brain and from each other. The rostral onethird of the brain was further dissected to leave primarily the tissue surrounding the lateral ventricles (including parts of the corpus callosum, caudate putamen, and septae) for two dogs. Half of the vermis and half of a lobule were removed from the cerebellum of one dog. The resultant tissues from the striatal SVZ and cerebellum were minced separately, then digested in 0.25 % trypsin (Worthington) in a 37°C water bath for 45 min to 1 h. The enzymatic digestion was stopped with addition of fetal bovine serum (FBS; Hyclone). The tissues were then incubated with DNAse I (Sigma) for 15 min in a 37°C water bath and triturated to a single cell suspension with successively smaller diameter pipettes, ending at a flame-polished Pasteur pipette.
The NPCs were cultured as described previously (Walton and Wolfe 2007) . Briefly, NPCs were initially plated into medium consisting of DMEM:F12 (1:1 ratio; GibcoBRL) supplemented with 10 % FBS, 1 % N2 supplement (GibcoBRL), 1 % antibiotic-antimycotic (PSF) (100 U/mL penicillin; 100 lg/mL streptomycin; 0.25 lg/mL amphotericin B; GibcoBRL), 1 % L-glutamine (2 mM; GibcoBRL) and a standard combination of growth factors consisting of 20 ng/mL epidermal growth factor (EGF) (recombinant murine; Roche), 20 ng/mL basic fibroblast growth factor (bFGF) (recombinant human; Promega), and heparin (5 lg/mL; Sigma). After 24-48 h, the medium was changed to a serum-free feeding medium consisting of DMEM:F12 supplemented with 1 % N2 supplement, 1 % PSF, 1 % L-glutamine and standard growth factor combination.
The NPC cultures were maintained at 37°C in humidified 5 % CO 2 tissue culture incubators. Cultures were fed every 3-5 days by changing half of the medium and adding fresh growth factors. Canine NPCs were plated into 25 cm 2 tissue culture flasks (Corning) coated with 10 lg/mL PDL (Sigma). Cultures were passaged at approximately 90 % confluence by trypsinizing (0.05 % trypsin-EDTA; GibcoBRL) and replating at a concentration of 4 9 10 4 /cm 2 .
Fluorescence-activated cell sorting
Single cell suspensions isolated from three 19-day-old dogs were sorted using flow cytometry. Two separate isolations of acutely dissociated striatal subventricular zone tissue and a single isolation of dissociated cerebellar tissue were used. Aliquots of 5 9 10 6 cells were rinsed in PBS after centrifugation at 700 rpm for 8 min at 4°C. The cells were then incubated in a 1:50 dilution of anti-human CD15 (Table 1) in 2 % bovine serum albumin (BSA; GibcoBRL) for 25 min at 4°C. The cells were washed twice in 2 % BSA and resuspended in a 1:500 dilution of goat antimouse IgM Alexa fluor 488 (Molecular Probes) for 20 min at 4°C. Control aliquots were incubated only with the secondary antibody. After a final two washes, cells were resuspended in 2 % BSA for flow cytometric analysis. Alexa fluor 488? cells were sorted using a FACSVantage SE cell sorter (BD Biosciences) at a rate of 5,000 events/s. The cells were collected into N2 medium supplemented with 10 % FBS and plated at a density of 4 9 10 4 /cm 2 into polystyrene wells (BD Falcon) coated with poly-D-lysine (PDL) (10 lg/mL; Sigma).
Immunocytochemistry
Undifferentiated NPCs were plated at a concentration of 2 9 10 4 cells/well onto PDL-coated 8-well glass slides (Cel-Line; Erie Scientific) and allowed to attach overnight in feeding medium containing growth factors. Undifferentiated NPC cultures were processed for immunocytochemistry after 24 h.
For all intracellular markers, cells were rinsed in Trisbuffered saline (TBS) (50 mM Tris-base, 0.15 M NaCl; pH 7.6), fixed for 10 min in 4 % paraformaldehyde (Sigma), rinsed three times with TBS, blocked in 5 % goat serum (GibcoBRL) with 0.1 % Triton X-100 (Sigma) for 40 min, and then incubated with primary antibody in 1 % goat serum with 0.02 % Triton X-100 for 1 h at room temperature or overnight at 4°C. After three TBS washes, the secondary antibody was applied for 1 h at room temperature or overnight at 4°C. Cell surface marker staining was performed on live cells. The cells were rinsed in TBS, incubated with primary antibody diluted in TBS for 30 min, rinsed briefly with TBS, incubated with secondary antibody for 40 min, rinsed with TBS, and then fixed for 10 min in 4 % paraformaldehyde. All slides were washed three times with TBS before mounting in Vectashield containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Negative controls consisted of cells incubated with only secondary antibody (primary antibody omitted).
Antibodies
The polyclonal primary antibodies used were rabbit antiglial fibrillary acidic protein (GFAP) and rabbit anti-nestin (Table 1) . Primary monoclonal antibodies consisted of rat anti-GFAP, mouse anti-human CD15, mouse anti-human Ki67, mouse anti-CD133 (AC133 and 293C antibodies) and rat anti-mouse phosphacan (Table 1) . Secondary fluorescent antibodies used were goat anti-mouse IgG/IgM FITC, 1:300 dilution (Chemicon); goat anti-rabbit IgG 594 Alexa fluor, 1:300 dilution (Molecular Probes); goat antirabbit IgG 488 Alexa fluor, 1:300 dilution (Molecular Probes); goat anti-rat IgM 594 Alexa fluor, 1:100 (Molecular Probes); and goat anti-mouse IgM 488 Alexa fluor, 1:300 dilution (Molecular Probes).
Preparation of brains for immunohistochemistry
Seven dogs aged 3, 5, 21, 51 days (n = 2), and 150 days (n = 2) were humanely euthanized with an intravenous injection of a barbiturate solution. Immediately before death, the dogs were anesthetized and given intravenous heparin (1,000 U/mL). After death, intracardiac perfusion with cold 0.9 % saline followed by 4 % paraformaldehyde solution was performed. The brains were removed and fixed in 4 % paraformaldehyde for 24 h prior to dehydration in 30 % sucrose solution.
For five of the dogs, the rostral brain was transversely sectioned caudal to the olfactory bulbs and rostral to the hippocampus, and the cerebellum was separated from the brainstem. These sections were then frozen in optimal cutting temperature (OCT) embedding medium and stored at -80°C for cryosectioning in a transverse plane. The brains of the 51-day-old dogs were divided into right and left hemispheres. The hemispheres were sectioned at the rostral and caudal borders of the lateral ventricle and placed in 30 % sucrose solution for 24-48 h. The sections were then frozen in OCT for cryosectioning (20 lm slices) in a sagittal plane. Histochem Cell Biol (2013) 139:415-429 417 An embryonic day 28 pup (n = 1) was obtained from the mother via Caesarian section and humanely euthanized with an intraperitoneal injection of a barbiturate solution. The head was removed and fixed in 4 % paraformaldehyde for 24 h prior to dehydration in 30 % sucrose solution. The head was then frozen in OCT-embedding medium and stored at -80°C for cryosectioning in a transverse plane (20 lm slices).
Immunohistochemistry Tissue sections were thawed, then blocked for 1 h in 10 % goat serum (GibcoBRL) with 0.2 % Triton X-100 (Sigma) in PBS. Sections labeled with antibodies against cell surface antigens did not receive a blocking step. Primary antibody incubation was performed for 2 h at room temperature or overnight at 4°C in PBS with 2 % goat serum and 0.2 % Triton X-100 (Triton X-100 was not used for cell surface marker labeling). The sections were washed in PBS and then incubated with secondary antibody in PBS for 1 h at room temperature or overnight at 4°C. After PBS washes, the slides were mounted in Vectashield containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Negative controls consisted of adjacent tissue sections in which only the secondary antibody was used during incubation (primary antibody was omitted).
Neurosphere preparation
Canine neurospheres derived from NPC cultures from the postnatal day 1 lateral ventricular SVZ (n = 1) were washed in PBS, suspended in 4 % paraformaldehyde for 10 min, dehydrated in 30 % sucrose solution for 4 h, and frozen in OCT. Cryosections of neurospheres (20 lm) were then subjected to immunofluorescent staining as above.
Confocal laser scanning microscopic analysis
Immunolabeled sections were scanned with a Leica DM IRE2 HC fluo TCS 1-B-UV microscope coupled to a Leica TCS SP2 spectral confocal system/UV (Leica, Bannockburn, IL). The three fluorochromes were then sequentially scanned. The step-size of the sequences was 0.04 lm.
Results
Canine neurospheres are CD15?, GFAP?, and Nestin?
We evaluated cryosections of postnatal canine neurospheres cultured with EGF and bFGF/heparin by immunophenotyping with NPC markers nestin, GFAP, CD133, and CD15 (Fig. 1) . The spheres stained positively for nestin, glial fibrillary acidic protein (GFAP), and CD15; the neurospheres showed no staining for CD133. There was no staining for neuronal markers b-tubulin III and Map2ab (Fig. 1) . Positive GFAP staining with polyclonal GFAP antiserum was confirmed with a monoclonal anti-GFAP antibody to exclude the possibility of cross-reactivity to proteins other than GFAP reported with polyclonal GFAP antiserum (Dolman et al. 2004; Zhang 2001 ).
Immunolabeling of the canine neuroepithelium and subventricular zone (SVZ)
In order to determine whether markers associated with human and murine NPCs would be appropriate for canine NPCs in situ, we evaluated a known region of postnatal neurogenesis, the striatal SVZ (Lois and Alvarez-Buylla 1994; Morshead et al. 1994; Sanai et al. 2004) , and its embryonic precursor, the ventricular neuroepithelium. Cryosections of the head of an embryonic day 28 (E28) dog, and the striatal SVZ of postnatal (PN) day 3 and PN day 21 dogs were examined. Sections were assayed for GFAP, nestin and CD15 immunoreactivity (Fig. 2) . Positive staining for nestin and CD15 was observed in the neuroepithelial cells of the E28 ventricular zone (Fig. 2a,  b) . No staining for GFAP was seen in the E28 ventricular zone or the surrounding area (data not shown). The SVZ of PN day 3 and PN day 21 dogs stained positively for nestin, GFAP, and CD15 (Fig. 2c-g ). In the PN day 3 dogs, CD15 staining was restricted to the septal SVZ and medial corpus callosum, whereas by PN day 21, CD15 staining was evident in both the striatal and septal SVZs, as well as in the corpus callosum. By PN day 150, CD15 staining was again strongest in the dorsal septum and corpus callosum, and sparse in the striatal SVZ (Fig. 2i-j) .
The nestin, GFAP and CD15 staining appeared to colocalize in some areas. To confirm double staining of nestin-positive and GFAP-positive cells, sections from the PN day 3 and PN day 21 dogs were analyzed using confocal microscopy. Small numbers of cells within the subependyma of the septal and striatal regions had a nestin and GFAP double-positive process that extended between ependymal cells (Fig. 3a) . Similar processes extending between ependymal cells to the ventricle were also noted in the septal and striatal SVZ from PN day 21 dogs when stained for CD15 and CD133, respectively (Fig. 3b, c) . The CD133 staining was strongest at the apical surface of the ependyma, but intermittently, short CD133? processes extend from the SVZ located immediately adjacent to the ependymal layer up to the ventricular surface (Fig. 3c) . There was no CD133-positive staining detected in E28 neuroepithelium (data not shown). GFAP-positive processes extending to the ventricle were also noted in the PN day 150 SVZ (Fig. 3d) .
Isolation of CD15? cells from the canine striatal SVZ
The presence of CD15-positive cells in regions in which neural progenitor cells are known to reside supported the use of CD15 as a potential marker for NPC enrichment. Consequently, acute dissociations of the striatal SVZ were performed for 19-day-old dogs. Single cell suspensions were labeled with anti-CD15 antibodies and sorted for immunoreactivity using flow cytometry. The mean proportion of SVZ-derived CD15-positive cells from three independent isolations was 6.6 ± 2.2 % (4.4, 6.6 and 8.9 %, respectively; Fig. 4) . The CD15-positive cell populations were plated into NPC medium with growth factors. Two of the three independently isolated CD15-positive populations could be expanded over ten passages (3 months), growing both as adherent cells and neurospheres in the same culture flask. Although passage ten was the endpoint of this study, the cells were still proliferating at the end of the experiment.
The CD15-positive NPCs cultured in medium containing growth factors were immunophenotyped after 7-10 days using a panel of markers for mature and undifferentiated neural cells. The NPCs were nestin-positive and GFAPpositive (Fig. 4) . The majority of the GFAP-positive cells had an immature, undifferentiated morphology characterized by small cells with either a unipolar or bipolar, fusiform shape. In addition, there was a diffuse, nonfilamentous GFAP staining pattern (Fig. 4c) . This non-filamentous staining was observed with both polyclonal GFAP antiserum and with monoclonal anti-GFAP antibody and has been noted in previous canine NPC cultures Wolfe 2007, 2008) . Staining for neuronal markers (b-tubulin III and Map2ab) and oligodendrocytic markers (O4 and galactocerebroside) was absent (data not shown). The subgranular zone (SGZ) of the hippocampal dentate gyrus
The SGZ of the dentate gyrus contains both neural stem and progenitor cells in rodents and humans (Eriksson et al. 1998; Palmer et al. 1997; Seri et al. 2001) . Cells with appropriate radial morphology that stained positively for CD15 and GFAP were detected in the SGZ of 5-month-old dogs (Fig. 5a ). Doublecortin-positive cells corresponding to neuroblasts were located in the interface between the SGZ and granular cell layer (GCL) and extended up into the GCL (Fig. 5b) , whereas mature neurons (Map2ab?) were present in the GCL (Fig. 5c) .
Immunolabeling of the canine cerebellum
In the dog, the external granular layer (EGL) of the cerebellum is composed of actively proliferating cells and is maintained until around 70 days of age (Phemister and Young 1968) . Cerebella from 3-day-old and 21-day-old Fig. 2 Evaluation of the canine embryonic (E) day 28 neuroepithelium (a, b) and the SVZ from postnatal (PN) day 3 (c-e), PN day 21 (f-h), and PN day 150 (i, j). The neuroepithelium stained positively for CD15 (a) and nestin (b), but was negative for GFAP staining (not shown). The SVZ at PN day 3 stained positively for GFAP (c), CD15 (d) and nestin (e); CD15 staining was restricted to the septal SVZ (d). At PN day 21, GFAP (f) and CD15 (g) immunostaining was present in the septal SVZ (not shown), corpus callosum and in the dorsal striatal SVZ, similar to that of nestin (h). The SVZ was much thinner at PN day 150 (i, j). GFAP staining was strong in the striatal SVZ, with processes running parallel to and extending up towards the ventricle (I). CD15-positive cells were most abundant in the septal SVZ and rare within the striatal SVZ (j). Asterisks denote the location of the lateral ventricle at all time-points. The cartoon in the upper left corner shows the location of a, b (box 1), c-e (box 2) and f-h (box 3). a, b Bar 50 lm; c-e bar 100 lm; f-h bar 50 lm; i, j bar 50 lm. CC corpus callosum, CN caudate nucleus, V ventricle, Sept septal nucleus, SVZ subventricular zone Histochem Cell Biol (2013) 139:415-429 421 dogs were evaluated for CD15, GFAP and nestin immunoreactivity. We anticipated that in the younger dogs the EGL, a known location of restricted neuronal progenitors, would be the primary region to stain positively for CD15. However, in 3-day-old dogs, CD15 immunoreactivity was primarily detected in the white matter and the molecular layer of cerebellar folia, and only occasionally in the EGL (Fig. 6a, inset) . Similarly, the staining patterns for both nestin and GFAP were strongest in the white matter tracts and molecular and Purkinje layers, although GFAP staining appeared stronger in the Purkinje layer than in the molecular layer (Fig. 6b, c) . Staining in the molecular layer was characterized by nestin-positive and GFAP-positive processes extending through the layer and into the EGL. Similar to postnatal day 3, the PN day 21 cerebellum showed strong CD15 staining mainly in the white matter tracts of cerebellar folia as well as the molecular layer (Fig. 6d ). There were no CD15-positive cells observed in the EGL although the surface of the EGL was positive for nestin, CD15 and GFAP. We were interested to learn whether nestin-positive cells would also be found in the white matter tracts of the PN day 21 cerebellum. Serial sections from the same dog revealed the presence of nestinpositive cells within the white matter, as well as nestinpositive processes extending from the Purkinje layer through the EGL (Fig. 6e) . The GFAP staining pattern was similar to that of nestin, but more GFAP-positive cells were present in the granular layer (Fig. 6f) .
Phosphacan immunolabeling in the postnatal SVZ, SGZ and cerebellar white matter tracts
The NPC-associated chondroitin sulfate proteoglycan phosphacan recognized by the antibody 473HD was evaluated in the postnatal SVZ, SGZ and cerebellum (Fig. 7) . Staining was predominantly associated with the SVZ around the lateral ventricles (Fig. 7a ). In addition, there was strong staining in the SVZ rostral horn on sagittal sections and rostral angle on transverse sections. This region represents the beginning of the rostral migratory stream and large numbers of dividing Ki67? precursor cells were present (Fig. 7a, inset) . Phosphacan staining in the canine cerebellum at PN day 150 was restricted to the white matter tracts, to cells within the granular layer and up into the Purkinje layer, though not the Purkinje cells themselves (Fig. 7b) . In the dentate gyrus of the hippocampus, there was strong staining along the SGZ (Fig. 7c ).
Discussion
The dog is an animal model for a number of human neurodegenerative diseases (Alroy et al. 1985; Fischer et al. 1998; Griffiths et al. 1981; Haskins et al. 1984; Koppang 1988; Wenger et al. 1999) . While rodents remain invaluable as animal models of disease, the brain of a human is architecturally more complex and organized differently than that of rodents, whereas the dog brain possesses more of the architectural complexities and organization of the human brain. Canine NPCs have been characterized in vitro, but data in situ are lacking (Milward et al. 1997; Wolfe 2007, 2008) . The validation of neural stem and progenitor cell (NPC) markers for the dog will prove valuable in studies of NPCs and the neural stem cell niche in this species. CD15 staining remained strongest in the white matter and molecular layer (d). Nestin (e) and GFAP (f) staining were similar, however, there was increased staining within the granular layer compared to the PN day 3. Nestin-positive and GFAP-positive processes extended through the molecular layer up into the EGL. Bar 50 lm (c); bar 100 lm (f). EGL external granular layer, G granular layer, M molecular layer, PL Purkinje layer, W white matter Lewis X antigen (CD15) and CD133 (prominin) are cell surface moieties that have been shown to greatly enrich for NPC activity as assessed by neurosphere formation in the mouse and in humans (Capela and Temple 2002; Corbeil et al. 2001; Lee et al. 2005; Muramatsu and Muramatsu 2004; Uchida et al. 2000) . Our assessment of these two markers in the dog was initiated with growth factormaintained canine neurospheres. While CD15 staining was present on the surface of cells within and at the margins of the spheres, no CD133 staining was observed. We then examined the neuroepithelium of the ventricular zone and the subventricular zone (SVZ) of the caudate nucleus in embryonic and postnatal dogs, respectively. The embryonic ventricular zone and postnatal SVZ are known to be sites where multipotent neural progenitor cells reside in rodents and humans (Lois and Alvarez-Buylla 1994; Morshead et al. 1994; Sanai et al. 2004; Tramontin et al. 2003) . CD15 staining was observed in the neuroepithelium of the embryonic canine ventricular zone as has been reported for the neuroepithelium of the embryonic human and mouse ventricular zones (Ashwell and Mai 1997; Forutan et al. 2001) . CD15 immunostaining was also observed in the postnatal canine SVZ, however, there was a difference in the distribution of immunoreactivity between postnatal (PN) day 3 and PN day 21 dogs. The CD15 staining was restricted to the septal SVZ in PN day 3 dogs, was present in both the striatal and septal SVZ in PN day 21 dogs, and then was seen primarily in the septal SVZ and rarely in the striatal SVZ in PN day 150 dogs. In the hippocampal dentate gyrus, CD15? cells with radial processes Sections were stained for the NPC-associated chondroitin sulfate proteoglycan phosphacan. Strong phosphacan staining outlined the SVZ of the lateral ventricle, including the rostral horn (asterisk) (a). The rostral horn, the entrance to the RMS in mice and primates, contained many dividing NPCs, identified by Ki67 staining (inset a).
In the cerebellum, there was strong phosphacan staining in the white matter tracts and cells within the granular and Purkinje layers (arrowheads) (b). Strong staining for phosphacan was present within and below the SGZ of the dentate gyrus (c). Bars 100 lm. CN caudate nucleus, SVZ subventricular zone, NPCs neural precursor cells, SGZ subgranular zone Histochem Cell Biol (2013) 139:415-429 425 were detected in the SGZ, as reported for the mouse (Capela and Temple 2002) . In the postnatal SVZ, the mean proportion of CD15-positive cells from three independent isolations was 6.6 ± 2.2 %. This is similar to the proportion reported for the adult mouse striatal SVZ (4.3 ± 0.2 %) (Capela and Temple 2002) . The CD15-positive cells could be expanded up to 3 months (10 passages). Furthermore, these cells were phenotypically consistent with an NPC phenotype (GFAP-positive and nestin-positive) and CD15 staining in vivo was present in known neurogenic regions, i.e., the SVZ and SGZ, as well as in cerebellar white matter tracts, where neural progenitors have been localized (Lee et al. 2005; Zhang and Goldman 1996b) .
While no immunoreactivity to CD133 was detected in the postnatal neurospheres or in the neuroepithelium of day 28 embryonic dog, CD133-positive cells were present in the striatal SVZ of PN day 21 dogs. Prominin/CD133 immunoreactivity has been reported for embryonic human NPCs and murine neuroepithelium (Sawamoto et al. 2001; Uchida et al. 2000) , as well as for adult human hematopoietic stem cells and postnatal mouse cerebellar NPCs (Corbeil et al. 2001; Lee et al. 2005) . It is uncertain why CD133 immunoreactivity was absent with canine neurospheres and embryonic neuroepithelium, but present in postnatal day 21 striatal SVZ. The anti-human CD133 antibodies AC133 and 293C recognize epitopes that are glycosylated and AC133 is detected only in certain stages of cellular differentiation (Corbeil et al. 2000; Mak et al. 2011; Osmond et al. 2010 ). In addition, the least amount of conservation between mouse prominin and human CD133 (48-57 %) is in the extracellular domain that is recognized by antibodies (Corbeil et al. 2001 ). Thus, it seems likely that species differences in the antigenicity of a putative canine prominin/CD133 ligand account for the lack of immunoreactivity with the anti-human CD133 antibodies at earlier developmental stages. The nature of the staining (ependymal apical surface and subependymal processes extending to the ventricle) and the region in which staining was detected are consistent with previous reports of CD133 immunoreactivity in the mouse (Coskun et al. 2008; Pfenninger et al. 2007) , although the degree of immunoreactivity in the dog is considerably less.
We also evaluated two intracellular markers associated with NPCs, nestin and GFAP. The majority of the cells in the postnatal neurospheres and SVZ were immunoreactive for both GFAP and nestin. The embryonic canine neuroepithelium showed strong nestin immunoreactivity, but no GFAP staining was observed. Similarly, in mice strong nestin staining is concentrated in the embryonic neuroepithelium (Sawamoto et al. 2001) , but GFAP expression is acquired during development. Rare to no NPCs isolated from embryonic day (E) 12.5 mouse brain are GFAP?, whereas by birth all are GFAP? (Imura et al. 2003) . We were able to co-localize GFAP and nestin staining in small numbers of SVZ cells. These findings are similar to the mouse SVZ in which GFAP/nestin double-positive cells represent the astrocytic neural stem cell (Doetsch et al. 1997) .
The postnatal cerebellum, like the SVZ of the lateral ventricles, retains neurogenic potential, however, for a limited period only. While overt neurogenesis has not been observed in the adult cerebellum, cortical interneurons, astrocytes, and oligodendrocytes are generated from NPCs that migrate from the ventricular zone into white matter tracts after birth. The neurogenic potential of these NPCs appears limited to the first two postnatal weeks in rats (Zhang and Goldman 1996a) ; however, NPC potential was demonstrated in a subpopulation of cells isolated from the adult mouse cerebellum in general (Klein et al. 2005) and, in particular, Sox1-positive Bergmann glial cells (Alcock and Sottile 2009) . Bergmann glia are also CD15 and GFAP positive (Baboval et al. 2000; Bartsch and Mai 1991; Ganat et al. 2006 ) and reside within the Purkinje layer of the cerebellum. In the postnatal dog cerebellum, the presence of CD15-positive, nestin-positive, and GFAP-positive cells in the white matter tracts and in non-Purkinje cells of the Purkinje layer indicates that canine NPCs are also present within the postnatal cerebellum. In previous work, we isolated and propagated postnatal canine cerebellar NPCs in bFGF/heparin and EGF that were capable of differentiating into cells with the morphology and immunophenotype of neurons, oligodendrocytes and astrocytes (Walton and Wolfe 2007) . Because bFGF-responsive cells in the mouse cerebellum are not derived from the external granular layer (EGL) (Lee et al. 2005) , it is possible that canine cerebellar cells expanded in bFGF/heparin are also derived from the white matter rather than the EGL.
The 473HD antibody recognizes a GAG epitope representing phosphacan, a glial-derived proteoglycan that is a splice variant of the receptor protein tyrosine phosphatase (RPTP)-beta that is selectively expressed on radial glial cells and NPCs ). Brain-specific chondroitin sulfate proteoglycans (CSPGs) such as phosphacan are expressed by NPCs in vitro and are also associated with the NPC niche in vivo (Ida et al. 2006; Meyer-Puttlitz et al. 1996) . As in rodents, anti-phosphacan antibody stained positively adjacent to the SVZ of the lateral ventricles, SGZ of the dentate gyrus, and within cerebellar white matter tracts. There was staining of cells in the external granular layer, as well as cells immediately below and adjacent to Purkinje cells that correspond to Bergmann glia. In adult rats, phosphacan staining is associated with Bergmann glia (Meyer-Puttlitz et al. 1996) .
The results of this study demonstrate that antibodies associated with NPCs in rodents and humans identify cells in the dog that are located in known neurogenic regions and have cellular morphology appropriate to NPCs. Cells in the postnatal dog lateral ventricular SVZ, dentate gyrus SGZ, and cerebellar white matter tracts are immunopositive for both intracellular and extracellular NPC markers, facilitating studies of neural progenitor cells and the neural stem cell niche in this large animal model.
